The dorsal Lateral Geniculate Nucleus (dLGN) is the primary image-forming target of the retina and shares a reciprocal connection with primary visual cortex (V1). Previous studies showed that corticothalamic input is essential for the development of thalamocortical projections, but less is known about the potential role of this reciprocal connection in the development of retinal projections. Here, we show a deficit of retinal innervation in the dLGN around E18.5 in Tra2β conditional knockout (cKO) "cortexless" mice, an age when apoptosis occurs along the thalamocortical tract and in some dLGN neurons. In vivo electrophysiology experiments in the dLGN further confirmed the loss of functional retinal input. Experiments with N-methyld-aspartic acid-induced V1 lesion as well as Fezf2 cKO mice confirmed that the disruption of connections between the dLGN and V1 lead to abnormal retinal projections to the dLGN. Interestingly, retinal projections to the ventral Lateral Geniculate Nucleus (vLGN) and Superior Colliculus (SC) were normal in all 3 mice models. Finally, we show that the cortexless mice had worse performance than control mice in a go-no go task with visual cues. Our results provide evidence that the wiring of visual circuit from the retina to the dLGN and V1 thereafter is coordinated at a surprisingly early stage of circuit development.
Introduction
The development of a functional neural circuit requires precise targeting and elaboration of long-range projecting axons. The visual system has been a long-standing model for studying the precise wiring of neural circuits. Much progress has been made toward learning how retinal axons initially path find and eventually form precise retinotopic and eye-specific maps in their targets (Huberman et al. 2008) . Axon guidance cues that are expressed in both the retina and image-forming targets such as the dorsal Lateral Geniculate Nucleus (dLGN; Feldheim and O'Leary, 2010) cooperate with spatiotemporally patterned spontaneous neural activity to give rise to precisely wired circuits. One remaining question concerns the mechanism whereby retinal axons identify and initially project to their target nuclei, as well as how they preferentially elaborate and refine within specific regions of those nuclei (Cruz-Martín et al. 2014) . Recent studies have indicated that specific retinal ganglion cells (RGCs) and neurons in their non-image-forming target nuclei can express the same guidance molecules, the deletion of which causes defects in retinal axon targeting (Osterhout et al. 2011; Osterhout et al. 2015) , but it is unknown whether coincident projections to these targets in image-forming nuclei also contributes to this process. dLGN relays visual information from the RGCs to the visual cortex and receives feedback projections from the cortex, comprising a reciprocal circuit Usrey 2007, 2011; Seabrook et al. 2013) . Early studies showed that visual cortex lesion in newborn and juvenile cats and monkeys leads to reorganization of retinogeniculate synapses and loss of RGCs (Weller and Kaas 1980; Wilkes et al. 1985; Kalil and Behan 1987; Boire et al. 2000) . Similar cortical lesions in adult prosimian primate did not cause defects in retinogeniculate projections or in the retina (Weller et al. 1981) , suggesting that cortex plays a role in the early postnatal organization of retinogeniculate synapses. In mice, cortical axons interact with and guide thalamic axons in subpallium/pallium at around E14.5 (Deck et al. 2013) and approach dLGN at E18.5 (Hevner et al. 2002) . Axons from the majority of cortical neurons begin to innervate LGN at P3 (Brooks et al. 2013; Seabrook et al. 2013; Grant et al. 2016) , while retinal axons enter dLGN before E15.5 and arborize and refine through eye-opening at P12-13. Guido, Fox and colleagues showed that retinal input prevented cortical axons from entering the dLGN by regulating aggrecanase expression in the dLGN before P2, suggesting that retinal and cortical innervation of the dLGN is coordinated (Brooks et al. 2013; Seabrook et al. 2013) . Shanks et al. demonstrated that cortex is essential for RGC axons to terminate in the dLGN and mice without V1 can still perform a number of visual tasks (Shanks et al. 2016 ). How cortex is involved in retinal axon targeting in the dLGN and the contribution of dLGN-V1 versus SC in visual functions remains unknown.
Alternative splicing factor transformer 2 beta (Tra2β) is known to participate in many biological processes including neuronal development (Watermann et al. 2006; Li et al. 2007) . Deletion of Tra2β is lethal at~E8 in mice (Mende et al. 2010 ). Here we used Tra2β fl/fl ; Emx1-Cre mice (Mende et al. 2010 ) as a "cortexless" mouse model, in which a majority of cortical areas are absent during embryogenesis (Roberts et al. 2014) . We find that the innervation of retinal axons in dLGN was greatly reduced as early as E18.5, leaving all other retinofugal projections largely unaffected including vLGN and SC. Cleaved caspase-3 was specifically expressed in thalamocortical tract and some dLGN neurons but not in the vLGN or SC at E16.5 and E18.5. Pharmacological lesion in V1 at E16.5 demonstrated that the projections from the retina to dLGN but not SC were disrupted when cortex was removed. Further, major loss of corticogeniculate connections in Fezf2 conditional knockout (cKO) mice with otherwise normal cortex also resulted in a disruption in retinogeniculate but not retinocolliculi projections. Interestingly, without the retina-dLGN-V1 circuit, Tra2β cKO mice did not distinguish gratings with 2 perpendicular orientations in a go-no go task as well as the control mice. These results suggest that the development of retinogeniculate projections relies in part on early reciprocal connections between visual cortex and the dLGN.
Materials and Methods

Animals and Genotyping
Tra2β
fl/fl mice were provided by Prof. Brunhilde Wirth as a gift (Institute of Human Genetics, University of Cologne). Emx1-Cre mice were purchased from the Jackson laboratory (https://www. jax.org/strain/005628). TdTomato fl/fl mice were also purchased from the Jackson laboratory (https://www.jax.org/strain/007914). Fezf2 fl/fl mice were generated as previously described (Han et al. 2011 ). CAG-Cat-Gfp mice were provided as a gift (Kawamoto et al. 2000) . All animals were raised and bred at 25°C, 50% relative humidity, 12 h light and dark cycles. ; Emx1-Cre mice. The knocked out band was at 256 bp.
Postnatal Intravitreous Injection and Analysis of Retinal Projections
Mice were anesthetized and 1.0-1.5 μL cholera toxin subunit β (CTB), CTB-488, CTB-555, or CTB-647 (Molecular Probes, Invitrogen, C22842, C22843, C34778) were injected into left and/or right eyes, respectively, using NanoJectII (Drummond Scientific Company). After 36-48 h, mice were perfused and the brains were fixed in 4% paraformaldehyde (PFA) overnight, followed by vibratome sectioning at 100 μm coronally for LGN slices and sagittally for SC slices. We collected 4 slices from each mouse with the largest dLGN and vLGN for further analysis. As for SC, we chose 4 consecutive slices with the first slice starting at 150 μm lateral to the midline. Images were taken under microscope (Olympus, BX51) at an auto-exposure mode with 3% spot at the brightest fluorescence area. In order to get the whole SC, 2 images with both green and red channels were taken. These images were merged and cropped to obtain images with the same pixel numbers in ImageJ.
Quantification of the retinal projections was conducted according to procedures described in previous reports Zhang et al. 2012) . Briefly, all images were background subtracted in ImageJ, then the fractions of contralateral, ipsilateral, and overlap projections in dLGN were calculated in Matlab using custom programs. The territory of dLGN, vLGN, and SC was outlined according to the contralateral projection. Threshold 40% (pixels with fluorescence intensity above 40% of the maximum intensity) was verified to best describe the eye-specific segregation phenotype and was chosen to measure the fractions of contralateral and ipsilateral projections. In order to systematically study the changes in LGN and SC, we also measured the physical sizes of dLGN, vLGN, and SC by counting the total number of pixels within the outlines.
Embryonic Intravitreous Injection and Analysis of Retinal Projections
Female and male Tra2β fl/+ ; Emx1-Cre mice were raised separately, put in the same cage overnight, and separated again in the next morning. Vaginal plug was checked. If the female mouse was pregnant, intravitreous injection surgery was conducted at E16.5 or E18.5 in fetal mice. Briefly, the pregnant female mouse was anesthetized with isoflurane on heated pad (FHC Inc.). A 3-cm long and "1" shaped incision was carefully made around the position of womb and the embryos were pulled out carefully with forceps. Small volume of 37°C phosphate-buffered saline (PBS) with antibiotics was applied to the embryos continuously. Each embryo was stabilized by hand softly, and the embryo was adjusted so that the eyeball was completely visible. During injection, the NanoJectII was held by hand with the glass pipette piercing through the pregnant female's uterine wall, fetal mice's skin, and sclera. Of note, 1 μL CTB-555 was injected intravitreously into one eye. The skin of the pregnant female mouse was sutured after injection. The mouse was continuously anesthetized for 10 h before the embryos were perfused with 4% PFA and the retinas were dissected to check if the dye labeled majority of the RGCs. The brains of embryos with well-labeled eyes were fixed overnight at 4°C. In all, 20 μm slices were cut coronally for
LGN and SC images. The slices were washed 5 times to remove optimal cutting temperature compound (OCT) before imaging. Quantitative analysis of the retinal projections in E16.5 and E18.5 embryos was similar to the method used in postnatal mice. It is more difficult to define the territory of the dLGN in Tra2β cKO mice, due to the lack of dense retinogeniculate axons in the dLGN. Diamidino-phenyl-indole (DAPI) staining, the remaining sparse axons, vLGN, and optic tract were combined to define the territory of the dLGN. Meanwhile, DAPI staining and CTB-488 labeled axons together determined the territory of the dLGN, vLGN, and SC in control mice, as well as that of the vLGN and SC in Tra2β cKO mice. A lower threshold of 30% was chosen in this analysis because the slices were thinner compared with those in postnatal mice and 30% best described the phenotypes in the fluorescent images. Sizes of the dLGN, vLGN, and SC were calculated using custom software routines written in Matlab.
In Vivo Electrophysiology Recording in dLGN
The mice were anaesthetized by 1.5% isoflurane in a stereotaxic setup (RWD, China) on a heating pad. One percent lidocaine (10 mg/mL lidocaine in saline, MP Biomedicals) was injected subcutaneously under the scalp. After removal of the scalp, the position of the dLGN was marked on the skull (coordinates for control mice were mentioned in "Stereotaxic Injection in the dLGN"; for the Tra2β cKO mice, the dLGN was not covered by the cortex and can be recognized directly). Of note, 2 mm × 2 mm craniotomy was made. Dura was removed carefully and the craniotomy was filled with warm (37°C) sterile buffered saline (150 mM NaCl, 2.5 mM KCl, 10 mM 4-(2-?hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4) throughout the experiment. Isoflurane was turned down to 0.5% to maintain a stable respiratory rate. Single electrode (World Precision Instrument) was inserted into the dLGN at a depth about 2350-2700 μm for control mice and 0-300 μm for Tra2β cKO mice. We advanced the electrode vertically every 30 μm and covered the whole dLGN. Whole-field stimulation was driven by Diode Pump Solid State laser (473 nm, 10-15 mW, BaiAoJin). The electrophysiology recordings were conducted as follows: a 2-min recording without any stimulus followed by 1-s stimulus and 9-s interval repeated for 20 cycles. The signals were pre-amplified (Microelectrode AC Amplifier 1800, A-M Systems, Inc.), high-pass filtered at 1 Hz and sampled at 10 kHz. After the recording, the electrode was dipped into DiI solution and inserted back to the brain at the largest recording depth to mark the recording sites in the dLGN.
We analyzed the electrophysiology data in Spike2. Signals were high-pass filtered at 300 Hz and sorted in Spike2. We set the threshold for the spike at 1.5 (signal-to-noise ratio). Sorted spikes were used to generate raster plots for the spikes activity during light stimulus. Firing rate during visual stimulus was calculated.
Immunohistochemistry
Mice were perfused with PBS and then 4% PFA (Sigma, P6148). Brains were fixed in 4% PFA overnight at 4°C. Thirty percent sucrose was used to dehydrate the fixed brains for 2 days. The brains were embedded in OCT compound (Leica) and stored at −80°C. In total, 30 μm slices were cut and washed with TrisBuffered Saline for 5 times (5 min each time) to get rid of the OCT before being immersed in 0.5% Triton-X-100 for 20 min. The slices were then blocked in 10% Donkey serum for 2 h at room temperature followed by first antibody hybridization overnight at 4°C (information for first antibodies was listed below). The slices were washed for another 5 times (5 min for each time), second antibody (Jackson ImmunoResearch) was added to the slices and incubated at room temperature for about 2 h in the dark. The slices were washed 3 times (5 min for each time), then stained in 1:3000 DAPI working solution for 7 min and washed for 2 more times. At last, slides were mounted and fluorescent images were taken.
Stereotaxic Injection in the dLGN
Adult mice were fixed on stereotaxic setup by nose clip and ear bars. Of note, 1 cm long and "1" shaped incision was made in the middle of the scalp. The brain was adjusted to be flat in both x and y directions. According to "The Mouse Brain" (Keith B.J. Franklin and George Paxinos, the third edition, Elsevier), bregma was defined as the origin of stereotaxic with x = 0, y = 0, z = 0, and lambda was defined as x = 0, y = −4.2 mm, z = 0. Injection coordinates for the dLGN were x = −2.13 mm, y = −2.07 mm, z = −2.75 mm if the distance between bregma and lambda was 4.2 mm for a mouse. If the distance was not 4.2 mm, the coordinates for the injection site were calculated proportionally. Cranial drill was used to thin the skull. Glass pipette filled with dyes was inserted to the injection site. In total, 10 × 2.3 nL (one injection every 6 s) CTB-555 was injected into the dLGN. The pipette was pulled out slowly 10 min after injection. Of note, 48 h later, mice were perfused and brains were fixed with 4% PFA, sliced on vibratome machine (Leica, VT 1000S) at 100 μm.
Procedures for the stereotaxic injection of the Adeno-associated virus (AAV) virus into the dLGN were the same as described previously. In total, 200 nL of AAV-syn-GCaMP6 virus was injected into dLGN. Three weeks after injection, mice were perfused with 4% PFA and immnostained with green fluorescent protein (GFP) antibody to visualize axonal projections from dLGN neurons.
Ca
2+ Imaging In Vivo
In all, 1 μL AAV-syn-GCaMP6 virus was injected intravitreously in Tra2β
fl/+ ; Emx1-Cre and Tra2β fl/fl ; Emx1-Cre mice at P0. After recovery for 2 h on 27°C heating pad (FHC), the pups were put back to their home cage. GCaMP6 was expressed in the axon terminals of RGCs 12-13 days after viral injection surgery. Before the imaging experiment, mice were anesthetized with isoflurane and craniotomy was made right above the SC. Dura was carefully torn off using sharp tweezers and proper amount of warm agarose was added over the craniotomy. A 5-mm diameter glass coverslip (World Precise Instrument Company) was placed onto the craniotomy. The coverslip was further sealed by transparent QWIK-SIL (World Precise Instrument Company). After the surgery, isoflurane was turned off. A series of timelapse fluorescent images were captured using 2-photon microscope with Mai Tai DeepSee femtosecond pulsed laser at 940 nm through 25× water immersion objective (NA = 1.05, Olympus). Images were collected at about 2-3 Hz (512 × 512 pixels). All images were analyzed in custom programs written in Matlab. We chose regions of interest (ROIs) manually (Fig. 6E ,F white dotted rectangle inset). Changes in fluorescent signals were averaged within each ROI. A custom software routine written in Matlab calculated the threshold for wave-like activities from the fluorescent signals and automatically detected the onset of these waves ( Fig. 6G-I ). Each movie lasted for at least 300 s, and the frequency of retinal waves could be calculated in each ROI. We analyzed several ROIs in each mouse and obtained an average number of wave frequency. ΔF/F0 was calculated as (F−F0)/F0, where F0 is the fluorescence signal averaged from the first 3 frames without any spontaneous activity. A threshold was automatically calculated for each ROI to minimize false-positive signals. The onset time of each spontaneous activity was recorded when the fluorescent signals first crossed the threshold. The frequency of retinal spontaneous activity was then calculated.
NMDA Induced Lesion in Visual Cortex of Fetal Mice
Surgical procedure in pregnant (E16.5) female mice was described previously in "Embryonic intravitreous injection and analysis of retinal projections." We injected about 50 nL N-methyl-d-aspartic acid (NMDA, Sigma-Aldrich, M3262) at 5 mg/ml in HEPES into the V1 of fetal mice. After recovery from the anesthesia, the pregnant female was put back to the home cage. The pups were intravitreously injected CTB-488 and 555 at P11 and P30 and perfused 48 h later. Coronal sections of the dLGN were collected and imaged as described before.
Cell Counting
Red, Green, Blue images were first converted to 8-bit grayscale format in ImageJ. ROI was selected using freehand selection tool. The images were inverted to protrude RGC cells. Threshold value of images was adjusted to sharpen the outlines of the cells. The images became binary with only 2 intensities, black 0 and white 255. In order to separate overlapping cells (a common situation in most images), processbinary-watershed procedure was carried out. Finally, size parameter was set from 10 to 10 000 and circularity from 0 to 1 in ImageJ. After all these procedures, the cell number was calculated automatically in ImageJ.
Behavioral Experiment
Metal head bars were implanted onto the skull of mice about 2 months old. The training began after water restriction for 2 days. Static gratings with 0°and 90°orientation were generated by Psychopy2 software at grating size of spatial frequency of 9 cycle/degree. Each grating appeared for 1 s followed by 9 s gray screen. The behavioral experiment was consisted of 3 training session followed by 1 test session. In each training session, 40 gratings were presented, water reward was provided when gratings were at 0°, and no water reward was provided when gratings were at 90°. Eight gratings stimuli were presented in the test session with no water reward. The behavioral responses of the mice in the test session were categorized into 4 groups: correct lick (CL), miss (M), correct reject (CR), and false lick (FL). The experiment lasted for 21 days for each mouse. Fraction of different responses was calculated from 9 to 21 days.
TUNEL Staining
The protocol for the brain slice preparation was the same as described in "Immunohistochemistry." TUNEL staining kit (In Situ Cell Death Detection Kit, TMR red, Roche, Cat. No. 12156792910) was used in the staining. Briefly, brain slices were further fixed in 4% PFA for 20 min at room temperature, washed with PBS twice for 30 min. We then added fresh permeabilisation solution (0.1% Triton-X-100, 0.1% sodium citrate) to the slices for 2-3 min on ice. Of note, 300 μL staining reaction solution was added to each slice (reaction solution: 50 μL enzyme solution in 450 μL label solution). Negative control slices were processed at the same time by adding 300 μL label solution only. Slice covered with reaction solution was kept in the incubator at 37°C for 60 min. After incubation, the slices were washed twice in PBS and observed.
Code Availability
The computer codes in Matlab (Mathworks Inc.) are available. Please send a request to the corresponding author.
Results
Retinal Targeting Defect to the dLGN Starts Around E18.5 in Tra2β cKO Mice
A previous study demonstrated that Tra2β cKO mice, generated by inter-crossing of Tra2β fl/+ ; Emx1-Cre mice, have major cortex loss at P0 (Roberts et al. 2014) . Compared with control mice, Tra2β cKO mice lack about 85% of the neocortex, with major loss in the caudal and medial parts of the cortex at E16.5 (Fig. 1A,C) . Some parts of the rostral and lateral cortex Bars represented mean ± SEM. remained at E16.5 and lasted into adulthood (Fig. 1B,D) . Despite this remarkable defect in the neocortex, the Tra2β cKO mice survived into adulthood and are physically and behaviorally similar to control mice (Tra2β fl/+ ; Emx1-Cre), except for a smaller and invaginated head (Fig. 1B′,D′) . Adult Tra2β cKO mice were generally more active than littermates. These results demonstrated that the developmental defect in Tra2β cKO mice emerged as early as during late embryogenesis, but did not have a drastic impact on the long-term physical growth.
To determine the time point for the emergence of the retinogeniculate projection defect in Tra2β cKO mice, monocular whole eye injection experiments were conducted in fetus and neonatal mice. We analyzed the retinal projections of mouse embryos whose entire retina was uniformly labeled with fluorescent dyes. At E15.5, most of the retinal projections grew along the lateral side of vLGN and dLGN toward medial pretectal nucleus in non-branched axon bundle. At E16.5, while some retinal axons in control mice began to branch in lateral-medial direction in the dLGN (Fig. 1E,E1 ), fewer axons in Tra2β cKO mice branched in lateral-medial direction (Fig. 1H,H1 ). The density and distribution of axons in the vLGN of control mice were similar to those in Tra2β cKO mice (Fig. 1E,H) .
By E18.5, the differences in axon arborization between control and Tra2β cKO mice were more apparent in the dLGN (Fig. 1F,I,F1,I1 ). In control mice, the arborization of retinal axons in medial dLGN at E18.5 was much denser compared with that in E16.5 (Fig. 1E1,F1 ). Axons almost filled the entire territory of the dLGN. However, in Tra2β cKO mice, retinal axons failed to fill the territory of the dLGN (Fig. 1I,I1) . A majority of the retinal axons were restricted to the ventrolateral corner of the dLGN. The phenotype of retinogeniclate projection defect in Tra2β cKO mice lasted to adulthood (Fig. 1G ,J,G1,J1, Supplementary  Fig. 1 ). In contrast, retinal projections to the vLGN and other retinal targets were completely normal at E16.5, E18.5, P2, and adulthood ( Fig. 1E-J, Supplementary Fig. 2) .
We also examined the morphology of the dLGN. DAPI staining clearly exhibited the existence of dLGN structure in Tra2β cKO mice (Fig. 1F′,I′,F′1,I′1 ). Transcription factor FOXP2, which is expressed in visual relays and areas of visual processing (French and Fisher, 2014) , shared similar expression profile as control but with lower expression level within the dLGN territory ( Supplementary Fig. 3 ). We next examined the morphology of the dLGN in adulthood. VGLUT2 and serotonin transporter immunostaining showed normal morphology of dLGN in Tra2β cKO mice (Supplementary Fig. 3 ). These data illustrated a relative normal dLGN in Tra2β cKO mice.
To quantify the retinal projection defect in the dLGN, we analyzed the amount of axons in the territories of the dLGN, vLGN, and SC. There was no significant difference in the fraction of contralateral projections and the sizes of the dLGN at E16.5 (Fig. 1Q,R) . The fraction of contralateral projections in the dLGN of Tra2β cKO mice at E18.5 and P2 was significantly smaller than that of control mice (Fig. 1S,U) , while the sizes of the dLGN were similar (Fig. 1T,V) . Retinal projections to the vLGN were normal (Fig. 1Q-V) . We also examined the development of retinal targeting to the SC at E16.5, E18.5, and P2 ( Fig. 1K-P) . Compared with the fraction of contralateral projections and size of the SC in control mice, those in Tra2β cKO mice were significantly smaller at E16.5 but were largely normal at E18.5 and P2 (Fig. 1Q-V) . Results in adulthood were similar to those at embryonic stage ( Supplementary Fig. 1 ). In summary, there was a severe decrease in the amount of retinal axons in the dLGN but not vLGN or SC at E18.5 and P2 in Tra2β cKO "cortexless" mice.
Expressions of TRA2β in the LGN, Retina, and SC are Normal
It was recently shown that morphological and histological features of the Tra2β cKO thalamus are similar to those of control mice (Shanks et al. 2016) . To rule out the possibility that the retinal projection defect in the dLGN was due to the disruption of TRA2β expression in the dLGN or retina, we examined the expression of CRE in Emx1-Cre mice and TRA2β in Tra2β cKO mice. We used Ai14; Emx1-Cre mice to visualize the expression of Cre recombinase at E16.5 and P1. We found a massive expression of CRE in the neocortex and hippocampus from E16.5 to P1, while there was very sparse CRE expression in both the dLGN and vLGN ( Fig. 2A-B′) . DAPI staining was used to define the LGN (Fig. 2A′,B′,C′,D′) . The expression of TRA2β was similar in the dLGN and vLGN in control and Tra2β cKO mice at E18.5 (Fig. 2C-D′) (Hofmann and Wirth, 2002) . Further, CRE was not expressed in the retina at E16.5 and E18.5 (Fig. 2E,F) . TRA2β signal in the retina was similar in both control and Tra2β cKO mice (Fig. 2G,H) . DAPI staining showed that the lamination of retina at E16.5 was normal (Fig. 2G′,H′) .
CRE was not expressed in the SC in Ai14; Emx1-Cre mice at E16.5 (Fig. 2I-J′) . The expression of TRA2β in the SC was similar in control and Tra2β cKO mice at E16.5 and E18.5 (Fig. 2K-L′) . In summary, these results demonstrated that CRE was highly expressed in the cortex and hippocampus but not in the dLGN, vLGN, retina, and SC before P1. Therefore, the retinal projection defect in the dLGN was not likely due to non-selective deletion of TRA2β in Tra2β cKO mice.
Apoptosis in dLGN Cells and Thalamocortical Projections in Tra2β cKO Mice Before Birth
It was previously reported that there is severe apoptosis in cortical layers at E14.5 and E15.5 but not at later stages of development in Tra2β cKO mice (Storbeck et al. 2014) . To examine the possible impact of the loss of cortical neurons on the visual circuit, we examined the survival of dLGN, vLGN, and SC neurons at E16.5, E18.5, and P5 in Tra2β cKO mice using the apoptosis marker cleaved caspase-3 and TUNEL staining. DAPI staining or retinal CTB intravitreous injection helped to determine the territories of the LGN (data not shown) and SC in control and Tra2β cKO mice. There was no expression of cleaved caspase-3 along the thalamocortical pathway or neurons in the dLGN in control mice at E16.5, E18.5, and P5 (Fig. 3A -A′,C-C′,E-E′). Meanwhile, there was no signal in TUNEL staining (Fig. 3A″,C″,E″) . In contrast, cleaved caspase-3 expression was observed in the dLGN neurons and along the thalamocortical pathway at E16.5, with almost no expression in the vLGN of Tra2β cKO mice (Fig. 3B-B″) . A small amount of dLGN neurons as well as the thalamocortical pathway expressed cleaved caspase-3 at E18.5, with no expression in the vLGN (Fig. 3D-D′) . In accordance with the cleaved caspase-3 staining results, TUNEL staining showed late-stage apoptosis in dLGN cells at E16.5 and E18.5 (Fig. 3B″,D″) . At P5, neither cleaved caspase-3 expression nor TUNEL staining signal was detected in both dLGN and vLGN of Tra2β cKO mice (Fig. 3F-F″) . Meanwhile, cleaved caspase-3 was not expressed in the SC at E16.5, E18.5, or P5 in either control or Tra2β cKO mice (Fig. 3G-L′) . These results indicated that a small fraction of dLGN neurons went through apoptosis at around E16.5, but left the gross morphology of dLGN spared in Tra2β cKO mice (Fig. 3B″,D″) .
No Light Response in the dLGN of Tra2β cKO Mice
Defects of retinal projections to the dLGN in Tra2β cKO mice suggested that dLGN is no longer a functional part of the visual circuit. We examined the light response of the dLGN by stereotaxically inserting a single electrode into the dLGN of control and Tra2β cKO mice (Fig. 4A-B,E) . Light response from the dLGN of Tra2β cKO mice was sparse during the 1-s whole-field light stimulation, while a large number of spikes were evoked during light stimulation in control mice (Fig. 4C,D,F-H) . After in vivo electrophysiological experiments, brains were dissected and bright-field or fluorescence images showed positions of the electrodes and the shape of the dLGN (Fig. 4B,E) . These results confirmed the fact that retinal projections to the dLGN were mostly absent in Tra2β cKO mice.
Disrupted Projections Between the dLGN and V1 in Tra2β cKO Mice
Previous experiments (Roberts et al. 2014 ) and our results have demonstrated that a majority of cortex was absent in Tra2β cKO mice. To confirm that the dLGN did not receive exogenous projections from the remaining cortical areas, we first conducted retrograde labeling experiments by injecting CTB-555 dyes into the dLGN or SC in adult control and Tra2β cKO mice (Fig. 5A-D) . A great number of neurons were labeled in layer VI in the visual cortex of control mice (Fig. 5A′) . In contrast, no cell body was detected in the remaining cortex of Tra2β cKO (Fig. 5B′) , indicating that the normally massive feedback connections between visual cortex and dLGN were missing in Tra2β cKO mice. Visual cortex also normally sends direct projections to SC (Fries 1985; Wang and Burkhalter 2013) . We next examined the corticocollicular feedback projections by injecting CTB-555 dye into the SC. Again, a small number of retrogradely labeled neurons existed in the cortex in control mice (Fig. 5C′,E) , but no cells were visible in the remaining cortex of Tra2β cKO mice (Fig. 5D′) , which indicates the loss of cortical feedback projections to both the dLGN and SC. To further rule out the possibility that the functions of the lost visual cortical neurons were compensated for by remaining cells, we examined the expression of VGLUT1, which is the main transporter in the axon terminals of corticogeniculate feedback projections (Fujiyama et al. 2003; Nakamura et al. 2005) . VGLUT1 immunofluorescence signals existed in the entire dLGN but not vLGN in control mice (Fig. 5F,G) , verifying the specificity for VGLUT1 to label corticogeniculate terminals from layer VI. However, no VGLUT1 signals were detected in the dLGN in Tra2β cKO mice (Fig. 5H,I ), demonstrating that there were no functional feedback connections between layer VI cortex and the dLGN in Tra2β cKO mice. In summary, these results collectively demonstrated that the structural and functional feedback connections from the cortex to the dLGN are absent in Tra2β cKO mice.
Because the structure of the dLGN was largely intact, we further investigated the projection from the dLGN in Tra2β cKO mice. AAV-syn-GCaMP6 virus was stereotaxically injected into the dLGN to label axons originating from dLGN neurons in control and Tra2β cKO mice (Fig. 5J,L) . Retinal axons labeled by CTB-555 in the dLGN verified that AAV was successfully injected into the dLGN (Fig. 5K,M) . In control mice, dLGN axon terminals mostly distributed in layer IV of V1 (Fig. 5K′,K″) . In Tra2β cKO mice, dLGN projection neurons did not target the cortex but instead projected to a restricted territory outside the remaining cortex (Fig. 5M′,M″) . These results collectively demonstrated that neurons in the dLGN send projections to a non-cortical area and receive no feedback input from the cortex in Tra2β cKO mice.
Retinal Morphology and Spontaneous Activity is Normal in Tra2β cKO Mice
Previous studies demonstrated that spontaneous retinal waves play a critical role in the development of retinofugal projections in mice during the first 2 postnatal weeks (Huberman et al. 2008; Feller, 2009; Zhang et al. 2012; Denman and Contreras, 2015) . DAPI staining indicated that retinal structure was normal in Tra2β cKO mice (Fig. 6A-A′) . The number of Brn3a labeled cells was similar in Tra2β cKO and control mice ( Supplementary  Fig. 4) . These results showed that Tra2β conditional deletion did not induce either apoptosis or over proliferation in RGCs. Former reports have confirmed that retinal waves propagated throughout the visual system and can be visualized in the SC or visual cortex in awake-behaving mice ). Unlike control mice in which only a small amount of medial and posterior SC is exposed, SC was completely uncovered in Tra2β cKO mice due to the major loss of medial to posterior neocortex and the hippocampus (Fig. 1D) . Moreover, our previous results showed that retinal projections to the SC were normal in Tra2β cKO mice (Fig. 1L,N,P) . We therefore measured retinal waves by in vivo 2-photon Ca 2+ imaging of retinal axons terminals in SC. We injected AAV-syn-GCaMP6 virus into retinas of control and Tra2β cKO mice at P1. Imaging experiments conducted after the expression of GCaMP6 stabilized at P12 (Fig. 6B) . To make sure that all mice used in imaging experiments had sufficient virus infection efficiency, we performed immunohistochemistry staining for GCaMP6 after each experiment. Most RGCs expressed GCaMP6 and were clearly visible ( Fig. 6C-C′) , and their axonal terminals that expressed GCaMP6 distributed throughout the superficial layer of SC (Fig. 6D) . These results ensured the reliability of Ca 2+ signals detected in SC. Two example frames from the movies of fluorescent changes in control and Tra2β cKO mice were shown (Fig. 6E,F) . ROIs were selected manually. One peak in the calcium signals indicated one retinal wave (Fig. 6G,H ). An individual retinal wave labeled by black asterisk in Figure 6G was shown (Fig. 6I ).
There was no significant difference in the average frequency of retinal waves between control and Tra2β cKO mice (Fig. 6J ).
Prenatal Visual Cortex Lesion Disrupted the Retinogeniculate Projection
To confirm that the absence of corticothalamic connections could lead to the abnormal retinogeniculate projections, we conducted pharmacological visual cortex lesion using NMDA (Beal et al. 1991; Caleo et al. 2002; Kim et al. 2006 ) at E16.5 ( Fig. 7A-A′) . Retinogeniculate projections in the lesioned mice were severely disturbed at P13 and P32 in the hemisphere ipsilateral to the lesion (Fig. 7F-H″) . A majority of the contralateral retinogeniculate projections disappeared (Fig. 7F,H) , which was similar to that in Tra2β cKO mice. However, the ipsilateral retinogeniculate projections seemed unaffected in both ages (Fig. 7F′,H′) . As a control of the lesion experiments, retinogeniculate projections (including contralateral, ipsilateral, and overlap fractions) to dLGN in the hemisphere contralateral to the lesion exhibited no defect (Fig. 7B -B″,D-D″). However, NMDA lesion of V1 did not affect the eye-specific segregation phenotype of SC on either sides at P13 and p32 ( Fig. 7C-E″,G-I″) .
To examine the role of corticogeniculate connections in the development of retinal projections, we utilized Fezf2 cKO mice whose corticogeniculate projections are disrupted from embryonic stages (Han et al. 2011) . In order to visualize corticogeniculate feedback projections, Fezf2-floxed mice were bred with both CAG-Cat-Gfp and Emx1-Cre mice. The corticogeniculate feedback projections (Emx1-Cre; CAG-Cat-Gfp) were markedly reduced in Fezf2 cKO mice (Fig. 8A,D) , but geniculocortical projections labeled by L1-CAM (Fukuda et al. 1997; López-Bendito et al. 2002) were largely normal in Fezf2 cKO mice ( Supplementary Fig. 5A-F′) . The contralateral retinogeniculate fraction was significantly increased in Fezf2 cKO mice compared with control mice (Fig. 8B ,E,G), while the ipsilateral and overlap fractions were similar (Fig. 8B′ ,B″,E′,E″,G). The size of dLGN decreased in Fezf2 cKO mice compared with that in control mice (Fig. 8B,E,H) . Unlike Tra2β cKO mice, Fezf2 cKO mice had very sparse expression of cleaved caspase-3 in the dLGN ( Supplementary Fig. 5G-L′) . Retinogeniculate projections to vLGN and SC were similar in control and Fezf2 cKO mice (Fig. 8C-C″,F-F″,I,J) . These results together demonstrate that disrupting corticogeniculate feedback projections can impact developing retinogeniculate projections. 
Orientation Selectivity was Disrupted in Tra2β cKO Mice
It has been shown that even though the major image-forming circuit, namely retinal-dLGN-V1 circuit, was absent, Tra2β cKO mice can still perform visual-dependent tasks (Shanks et al. 2016) . We next used go-no go experiment to examine whether the orientation selectivity is intact in Tra2β cKO mice (Fig. 9A , Supplementary Movies 1 and 2). After being trained for 9 days, control mice can distinguish 0°from 90°orientation with the fraction of CL above 33%. Tra2β cKO mice showed significantly lower CL fraction and higher M fraction compared with control mice (Fig. 9B) . Meanwhile, there was no significant difference in the fractions of CR and FL between control and Tra2β cKO mice (Fig. 9B) . We also grouped CL and CR together as correct response and M and FL together as false response. The control mice exhibited a much higher fraction of correct response compared with Tra2β cKO mice (Fig. 9C) . Together, these data illustrated that orientation selectivity in Tra2β cKO mice was weaker than that in control mice.
Discussion
Feedback projections from cortex to subcortical structures such as dLGN and SC are well known to modulate visual responses, but their potential role in the development of primary visual circuit targeting and arborization is unknown. Shanks et al. (2016) showed that cortical input is at least partially required for RGC axons to innervate dLGN but not for arborization in other visual nuclei that do not directly project to the cortex. It was unclear, however, how this effect was mediated, especially in light of evidence that few or no corticothalamic axons are present in or near the dLGN until roughly a week after RGC axons have targeted, branched, and begun elaborating within dLGN, and also that the timing of postnatal corticothalamic axon arborization in the dLGN actually depends on the prior existence of RGC axons . In this study, we showed that the arborization defect was observed at E18.5 in Tra2β cKO mice, implying that something besides corticogeniculate projections is responsible for mediating retinogeniculate axon targeting and branching. Instead, we find that a small population of dLGN neurons undergoes apoptosis at E16.5-E18.5 in Tra2β cKO mice, which better matches the timeline for the failure of RGC-dLGN innervation. Morphology of retinas and spontaneous retinal waves were normal, excluding the possibility that the targeting defect originated from the retina or activity-dependent refinement. Consistent with the results from Tra2β cKO mice, retinogeniculate projections were disrupted in both early cortical lesion and Fezf2 cKO mice that has disrupted cortical input to the dLGN. Meanwhile, Shank et al. also showed a similar retinal projection defect to the dLGN in Tbr1 KO mice, whose cortical axons fail to target thalamus and instead project to the subcrerbral targets of layer V cortical neurons. These data show some of the first evidence that cortical axons are required for RGC axons to innervate the dLGN.
These findings raise important questions about the mechanism for reciprocal connections to affect the development of retinal axons. Previous studies showed that layer VI cortical axons reached the dorsal thalamus at E18.5 (Hevner et al. 2002 ) and paused at the medial shell of the dLGN until P2 (Jacobs et al. 2007; Seabrook et al. 2013) . The innervation of cortical axons in the dLGN begins at around P4. Shanks et al. (2016) presented a retinal projection phenotype to the dLGN at P2 and proposed a hypothesis that a small number of pioneer axons from the cortex exist in the vicinity of the dLGN, providing a cue for retinal axon arborization and innervation. Alternatively, cortical axons at the medial shell of the dLGN could normally provide either adhesion or growth-promoting cues or cues to remove repellent activity at the dLGN. Potential candidates for such cues include Reelin (Su et al. 2011) and Aggregan (Brooks et al. 2013) .
Our results showed that the targeting defect started between E16.5 and E18.5, a time when a great majority of cortical axons have not entered the dLGN. A possibility for the requirement of cortex in retinal axon targeting to the dLGN is that the absence of cortex results in the inability of a cell population in the dLGN to connect with their normal cortical target and affects their survival or differentiation, thus making them unsuitable targets for retinal axons. Previous studies showed that thalamic axons navigate toward cortical axons in the subpallium/pallium boundary at E15.5 (Deck et al. 2013) , when cortical and thalamic axons interact and guide each other's growth (Hevner et al. 2002; Deck et al. 2013) and that neurons in dorsal thalamus connect to the cortex as early as E18.5 (Hevner et al. 2002) . The fact that cleaved caspase-3 is expressed in the -5 , n control = 3, n Tra2βcKO = 3, Student's t-test. CR: P = 7 × 10 -6 , n control = 3, n Tra2β cKO = 3, Student's t-test). (C) Performance of
Tra2β cKO and control mice in go-no go experiments with correct (CL + CR) and false (M + FL) responses (correct responses: P = 2 × 10 -4 , ncontrol = 3, nTra2β cKO = 3, Student's t-test; false responses: P = 6 × 10 -5 , ncontrol = 3, nTra2β cKO = 3, Student's t-test). Tra2β cKO mouse dLGN at E16.5 supports the idea that survival of neurons in the dLGN was affected by the absence of cortical connectivity, which may in turn disrupt cues for the wiring of retinal axons. Indeed, the retinal-targeting defect begins around E18.5 in Tra2β cKO mice, after the dLGN-specific cell death (at ca. E16.5). Therefore, the mis-targeting of retinal axons may arise from the absence of cues that are normally provided by a fraction of dLGN neurons, or it could be caused by the absence of the dLGN neurons themselves. The morphology of the dLGN is largely normal at E18.5 and TUNEL labeled a handful of cells in the dLGN, indicating that a majority of dLGN cells survived. No cells in the dLGN expressed cleaved caspase-3 at P5, indicating that there may be a specific critical period for thalamocortical connectivity affecting cell survival. The fact that dLGN axons misrouted to an undefined structures outside the remaining cortex in adult Tra2β cKO mice also suggested that a large portion of projecting neurons from the dLGN survived until adulthood. We also sought to study the possible reasons for the difference in phenotypes between Tra2β cKO and Fezf2 cKO mice. In Tra2β cKO mice, loss of reciprocal connections between the cortex and thalamus leads to apoptosis in the dLGN neurons and major loss of retinal projections to the dLGN. On the other hand, in Fezf2 cKO mice, neurons in the dLGN still send projections to the cortex despite a major loss in the corticogeniculate projections, which may have spared them from apoptosis. The phenotype in the retinal projections in Fezf2 cKO mice was therefore less severe. To further elucidate the mechanisms contributing to the cortical guidance of retinal axon targeting, we examined the development of retinal projections to the SC and vLGN. Despite the absence of cortical feedback projections to SC, we did not find any defect in the retinocollicular projections and retinal projections to the vLGN in Tra2β cKO mice (Fig. 1L,N,P) and Fezf2 cKO mice (Fig. 8E-F″) . We showed that cleaved caspase-3 was not expressed in either the SC or vLGN at E16.5 and onwards (Fig. 3H,J,L) . Together with the defect in retinal targeting to the dLGN with high expression of cleaved caspase-3 in the dLGN, our results indicated that the survival of some target neurons is crucial for the correct projection of retinal axons, and that RGC decisions to branch and arborize into individual target nuclei are likely independent of each other. Since SC and vLGN neurons do not send axons directly to visual cortex, we propose that cortical input mostly affected the survival of projecting neurons with cortical targets. Our work may thus shed light on a novel scheme for the precise wiring of multiple feedforward and feedback circuits (Fig. 10) .
Disruptions of many previously reported factors such as Isl2, and EphrinAs lead to defects in the segregation pattern of binocular input to the dLGN (Pak et al. 2004; Pfeiffenberger et al. 2005) . In the Tra2β cKO mice, the retinal projection to the dLGN is almost absent, indicating that cortical innervation in early embryonic stage is essential for not only refinement but the targeting of retinal axons to the dLGN. Preliminary results from RNA-seq experiments suggested that transcriptions of previously reported molecules were not significantly different in the dLGN of Tra2β cKO mice. However, some other genes were significantly changed in the dLGN of Tra2β cKO mice (data not shown).
